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Abstract 
Origins of topographic contrast in the scanning elec-
tron microscope (SEM) are different at different resolu-
tion levels. At low resolution, tilt contrast of large 
features dominates; at medium resolution, diffusion con-
trast of features smaller than an interaction volume of 
primary electrons dominates. 
The secondary electron (SE) signal, commonly used 
in the SEM, does not give a good tilt contrast; better 
contrast can be obtained with backscattered electron 
(BSE) signal of a converter and a sector-shaped ring de-
tector. For obtaining topographic images from signals 
containing topographic and material contrast, signals of 
detector systems containing two or more detectors are 
mixed. Detector systems containing BSE detectors give 
more reproducible signals with a more uniform depend-
ence on tilt angles than systems containing SE detectors. 
Tilt contrast of specimens coated with thin layers of 
heavy metals is similar to the contrast of uncoated speci-
mens in the case of an SE detector, and better tilt con-
trast can be obtained with a sector-shaped ring BSE 
detector. 
Diffusion contrast dominates at medium resolution. 
Contrast obtained with three selected detectors: SE de-
tector, sector-shaped ring BSE detector, annular top BSE 
detector, is also discussed. The contrast is lowest for the 
top BSE detector and highest in the case of SE detection, 
especially for materials of low density. In the case of 
coated specimens, the SE detector and the sector-shaped 
ring BSE detector give good contrast and both are 
suitable for medium resolution studies. 
The discussion in the paper concerns untilted or 
slightly tilted specimens. 
Key Words: Scanning electron microscopy, low resolu-
tion, medium resolution, electron detectors, detector 
systems, topographic contrast. 
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Introduction 
The low and medium resolution modes of scanning 
electron microscope (SEM) operation concern work out-
side the range of high resolution imaging. The high res-
olution mode, as understood here, is restricted to a case 
of work close to the physical limit of resolution of the 
SEM. The ultimate resolution of the SEM depends on 
the escape depth of electrons being detected and on the 
delocalization of their generation process and can be ob-
tained when the diameter of the primary beam is small 
enough. The high resolution imaging in the SEM is not 
fully understood yet, and a limit for the beam diameter 
can be set to 0.5-2 nm, depending on the specimen ma-
terial. Conditions for high resolution imaging and con-
trast mechanisms of this mode of SEM operation were 
discussed in papers of Matsukawa and Shimizu (1974), 
Liu and Cowley (1988), Ding and Shimizu (1989), Joy 
(1991), Joy and Pawley (1992), Wells and Nacucchi 
(1992) and many others. For the purpose of this paper, 
we can say that low and medium resolution modes of 
SEM operation concern imaging of features larger than 
about 10-20 nm with a beam diameter larger than about 
2 nm. 
For obtaining topographic and material contrast in 
the SEM, secondary electrons (SE) and backscattered 
electrons (BSE) are used. SE are generated by the 
primary beam at the point of impact and by BSE escap-
ing from the specimen (Kanter, 1961; Schur et al., 
1967; Drescher et al., 1970). They are called SEl and 
SE2, respectively. Among BSE, there are some which 
are scattered in one high angle event at the impact point 
of the primary beam (Wells, 1977), which can be called, 
by analogy, BSEl. However, the number of BSEl is 
very small and they can form images only if some spe-
cial means for their detection are undertaken; usually, all 
BSE are detected, and the influence of BSEl is negligi-
ble. The emission areas of SEl and BSEl on a flat 
specimen surface are comparable with the diameter of 
the primary beam (Joy, 1984; Kotera, 1989); those of 
the majority of BSE and of SE2 are comparable with the 
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Figure 1. Some features giving topographic contrast in 
the SEM. 1: feature larger than the interaction volume; 
2: edge, 3: ridge and 4: valley, bordering the surfaces; 
5 to 9: features smaller than the interaction volume: 5: 
step, 6 and 7: bars, 8: particle, and 9: groove. The 
primary beam and its interaction volume in the material 
is shown for each feature. 
Figure 2. The dependence of electron range on the pri-
mary beam energy for three elements and approximate 
regions of dominating tilt or diffusion contrast. 
and Thompson, 1973; Murata et al., 1980; Hasselbach, 
1988). In the typical range of accelerating voltages of 
the SEM, from about 5 kV to 30-40 kV, the electron 
range is much larger than the primary beam diameter. 
Also, the information depth (the thickness of a layer 
from which information is present in the signal) differs 
significantly for different categories of electrons. For 
SEl, it is lower than 10 nm; for the majority of BSE 
and SE2, it is equal to about half the electron range. 
Though SE2 escape from the depth of about 10 nm, they 
are BSE dependent, and their information depth is the 
same as BSE. The high resolution contrast is caused by 
SEl and BSEl and can be achieved only in the case 
when the beam diameter is small enough. At low pri-
mary beam energies, the situation is different: emission 
areas and information depths of SEl, SE2 and BSE 
merge, and all SE and BSE contribute to low, medium 
and high resolution images. 
In the present paper, detection of topographic con-
trast at low and medium resolution for primary beam en-
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ergies larger than 5 keV is discussed. The material con-
trast accompanies usually the topographic contrast, and 
its detection is also mentioned. After a short discussion 
of origins of topographic and material contrast, the de-
tectors and detector systems for SE and BSE detection 
in the SEM are described. Methods of testing the detec-
tors and detector systems are discussed, and some results 
of tests are presented. To demonstrate how an appear-
ance of an image depends on the detector used for imag-
ing, micrographs of different specimens recorded with 
selected detectors are shown. The discussion concerns 
untilted or slightly tilted specimens. 
Origins of Topographic and Material 
Contrasts in the SEM 
Figure 1 shows some of the topographic features 
which produce topographic contrast in the SEM. De-
pending on their dimensions, different phenomena con-
tribute to the signal. 
When surface features composed of uniform mate-
rial are larger than an interaction volume of the primary 
beam in the specimen ( dimensions larger than an elec-
tron range, feature 1 in Fig. 1), the following phenom-
ena contribute to the signal: 
- The increase of the SE yield, o, and the BSE co-
efficient, 1/, with increasing surface inclination angle 
(Reimer and Seidel, 1968; Amal et al., 1969), resulting 
in topographic tilt contrast. 
- The increase of 1/ with increasing atomic number 
of the specimen material (Palluel, 1947; Bishop, 1966; 
Heinrich, 1966; Wittry, 1966), resulting in material or 
Z contrast. 
- The change of the angular distribution of BSE 
from a cosine law at normal incidence of the primary 
beam to an elongated distribution with reflection-like 
maximum at tilted incidence (Kanter, 1957; Reimer and 
Pfefferkorn, 1973; Darlinski, 1981). This influences the 
tilt contrast in BSE images. 
- The enhanced emission of SE and BSE at edges 
and ridges bordering the surfaces (features 2 and 3 in 
Fig. 1), resulting in edge contrast. 
When surface features and surface and volume in-
homogeneities are smaller than the interaction volume 
(dimensions smaller than the electron range), the fol-
lowing phenomena take place: 
- When features protrude from the surface (features 
from 5 to 8 in Fig. 1), they are wholly immersed in the 
diffusion cloud, and more BSE can escape and also pro-
duce more SE2 (diffusion contrast). 
- When grooves and holes are present on the surface 
(feature 9 in Fig. 1), the SE and BSE emission decrease 
because the diffusion cloud is shifted deeper into the 
specimen. 
- If the composition of the specimen is not uniform 
inside an interaction volume (thin layers, inclusions of 
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one material in a matrix of another material, small fea-
tures of one material lying on the surface of another ma-
terial), material contrast is modified and can range from 
zero to the value charact~ristic for a uniform specimen. 
Figure 2 shows the dependence of electron range on 
primary beam energy for some metals. The relation of 
Cosslett and Thomas (1964) and Hunger and Roga-
schewski (1986) in the form R = 9*E1 ·5 was used (R is 
the electron range in µ.g/cm2 and E is the electron en-
ergy in keV). As we can see from Figure 21 the topo-
graphic tilt contrast and the pure material contrast domi-
nate for relatively large features (especially in the case 
of materials of low density). 
Discussed above are types of emission contrast orig-
inating from the emission properties of the specimen. 
These contrasts are modulated by the detection charac-
teristics of a detector (solid angle of the signal collection 
and its correspondence with an angular distribution of 
emitted electrons, sensitivity of the detector to electrons 
with different energies) and by the specimen itself 
(shielding of one feature by others, SE and BSE emis-
sion from areas remote from the point of impact, struck 
by backscattered or transmitted electrons). The SE sig-
nal can also contain electrons emitted from different 
parts of specimen chamber struck by BSE (mainly from 
the lens polepiece). 
Detectors for Topographic and Material Contrast 
An ideal detector should be sensitive to a particular 
contrast only and should not introduce additional noise 
to the signal. Usually the detector signal is a mixture of 
different types of contrasts, and the detector increases 
the noise. Knowing the performances of detectors, we 
can make the best use of the electron-specimen interac-
tion by choosing appropriate detector or detector systems 
for specific applications (Reimer, 1984). 
Although, in the first studies on the development of 
the SEM instrument (at Cambridge University, McMul-
lan, 1953), BSE detection was utilized, real progress 
was achieved when an efficient SE detector was devel-
oped (Everhart and Thomley, 1960; E-T detector; Fig. 
3). This ~elector not only collects electrons emitted 
from the specimen surface (SEl and SE2) but also SE 
generated by BSE in the specimen chamber (SE3) and 
by primaries at the final aperture (SE4) (Everhart et al., 
1959; Schur et al., 1967; Drescher et al., 1970; Peters, 
1982; Oatley, 1983). The amount of SE4 is usually 
small (several percent of the total SE signal), but the 
amount of SE3 can be relatively large. Everhart et al. 
(1959) and Drescher et al. (1970) estimated that SE3 
form typically about 30 % of the total SE signal. Some-
times, depending on the geometry of the specimen cham-
ber and on the specimen material, this value can be 
larger than 50% (Oatley, 1983) and it even can rise to 
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60-70% of the total SE signal (Peters, 1984). The elec-
tric field of the detector attracts slow SE, and the posi-
tion of the detector is not critical. Everhart and Thom-
ley used a hemispherical plastic scintillator coupled to a 
perspex light-guide. Hatzakis (1970) and Taylor (1972) 
covered hemispherical endings of perspex and quartz 
light-guides, respectively, with thin layers of scintillating 
plastic. The main disadvantage of the plastic scintillator 
in the SE detector is its low resistance to radiation 
damage which results in a short life time. Marshall and 
Stephen (1972) used lithium activated glass instead of 
plastic. Secker et al. (1973) made a thin layer scintil-
lator from a luminescent phosphor powder. One of such 
powders with the symbol P-47 (yttrium-silicate doped 
with Ce) found widespread use in SE detectors. Pawley 
(1974) reported the use of a single-crystal of yttrium-
aluminium garnet (YAG); further studies on this materi-
al, leading to its widespread use, were conducted by 
Autrata et al. (1978). Autrata et al. (1983a) introduced 
single crystal yttrium-aluminium perovskite (YAP) scin-
tillators. Schauer and Autrata (1979, 1992) studied light 
propagation in the single-crystal scintillator-light-guide 
combination and Autrata (1990) optimized the design of 
the Everhart-Thornley detector (ETD) with the single-
crystal scintillator. Besides SEM instruments, ETD was 
also implemented in scanning transmission EMs (Koike 
et al., 1971). At present, thin-layer powder scintillators 
and single-crystal scintillators are mainly used in ETD. 
Usually, the current at the output of the photomultiplier 
is amplified and used for imaging. The noise of the 
photomultiplier and an analog electronic circuitry im-
pairs the signal-to-noise ratio, especially in the case of 
a weak signal. To avoid this disadvantage, Yamada et 
al. (1991) used digital single pulse counting at the output 
of the photomultiplier, and a rate of electron counts as 
a signal. Noise pulses have smaller amplitudes than sig-
nal pulses and are filtered-out by a discriminator. Uchi-
kawa et al. (1992) claimed an improvement of the sig-
nal-to-noise ratio from 3 to 4 times in comparison to the 
conventional method. Instead of the scintillator-photo-
multiplier combination, Hughes et al. (1967) proposed 
a channel electron multiplier and Crewe et al. (1970) a 
semiconductor diode at high potential for detection of SE 
in an ultra-high vacuum SEM chamber. 
Detection of BSE found widespread use as more ef-
ficient detectors than that of McMullan (1953) became 
available. BSE offer some advantages in comparison to 
SE: strong material dependency of "I/, easy manipulation 
of the appearance of topographic contrast by placing the 
detector at an optimum position, and insensitivity ofBSE 
trajectories to electric and magnetic fields inside a spec-
imen chamber of the SEM. Figure 4 shows possible de-








Figure 3. Everhart-Thornley detector (ETD) for SE. 
1: Primary beam, 2: specimen, 3: scintillator, 4: light-
guide, 5: cage with a grid, 6: lens pole-piece, HV: high 
voltage to the scintillator, dashed lines: trajectories of 
SE, full lines: trajectories of BSE, arrow shows 
direction to the photomultiplier. 
Figure 4. Possible positions of BSE detectors in the 
SEM for untilted or slightly tilted specimens (a) and for 
highly tilted specimens (b). H: high position, L: low 
position, M: medium position, 1: primary beam, 2: 
specimen. 
------------------------------
In the case of an untilted specimen, the detector 
(small or large solid angle) can be placed at high, medi-
um or low position. First experiments with the high 
take-off detector were conducted by McMullan (1953) 
with an electron multiplier and by Wells with a scintilla-
tion detector (Wells: PhD Thesis, 1957; cited in Wells, 
1979). The first commercial BSE detector was that of 
Kimoto and coworkers (Kimoto et al., 1965; Kimoto 
and Hashimoto, 1966) who introduced a pair of small 
area semiconductor diodes (Fig. 5a). Further progress 
was achieved when Wolf and Everhart (1969) built an 
efficient annular solid state detector (SSD) of large solid 
angle (Fig. 5b). Griffiths et al. (1972) introduced a 
multichannel-plate electron multiplier as the BSE detec-
tor, it was an annular-split form (Fig. 5c), similar to the 
SSD of Munden et al. (1973). Robinson (1975) intro-
duced the wide-angle plastic scintillator detector (Fig. 
5d) and Autrata et al. (1983b) applied single-crystal 
Y AG and YAP scintillators to this design. Moll et al. 
(1978) made use of the SE generated by BSE at the lens 
pole-piece for indirect detection of BSE signal (Fig. Se); 
SE from the specimen were suppressed by a negatively 
biased grid, placed over the specimen. Boyde and 
Cowham (1980) worked in a conversion mode of BSE 
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detection without a grid but with positive biasing of the 
specimen. Reimer and Volbert (1979) improved the 
conversion efficiency by placing a plate covered with 
MgO under the lens polepiece (Fig. Sf). The plate can 
be biased negatively or positively in respect to the grid 
in front of it, which allows to switch SE3 on or off. 
Though conversion takes place in high position, ETD 
collects converted SE emitted in its vicinity with higher 
efficiency. Converters are highly directional detectors 
and can be treated as detectors shifted to one side of the 
beam, even to a medium position (depending on the size 
of the converting surface). 
An ETD with a negatively biased entrance grid 
works as a detector of a small solid angle in a low posi-
tion. Such a detector has a very poor signal-to-noise 
ratio, and, in order to make this type of detector more 
efficient, Wells and Bremer (1970) used a scintillator of 
large solid angle (Fig. 5g). Chang (1974) used a pair of 
scintillators at two sides of the specimen; Walker and 
Booker (1976) placed a metal foil between the specimen 
and the scintillator as a filter absorbing BSE of lower 
energy. Besides plastic, powder and single crystal .Y AG 
and YAP scintillators used in such detectors, Takahashi 
(1977) reported the use of a layer of CdS and Fitch et 
al. (1984) a single crystal of CaF2 as scintillator mate-
rials. In order to detect BSE at low position with the 
highest efficiency, Hejna (1987) built a ring detector 
surrounding the specimen (Fig. Sh). This design was 
subsequently optimized for a better tilt contrast (Hejna, 
1988) (sector-shaped ring in Fig. Si). 
The medium position is an intermediate one between 
low and high positions, and some designs of a converter 
and some designs of solid-state detectors with diodes 
placed at larger distances from the beam can belong to 
this group. Also the multifunction detector (MFD) of 
Kuypers and Lichtenegger (1980) (Fig. 5j) which can 
contain up to four scintillators around the primary beam 
belongs to this category. 
Some detectors can subtend large solid angles and 
cannot be treated as detectors placed at one of the ear-
lier-mentioned positions. For example, large top detec-
tors (solid-state diodes, scintillators, multichannel mul-
tipliers (Figs. Sb, Sc and 5d)) can extend over high and 
medium positions; large side detectors (e.g., large disc 
or sector-shaped ring scintillators (Figs. 5g and Si)) can 
extend over low and medium positions. 
The response of a detector to striking electrons dif-
fers for different types of detectors. The signals of 
semiconductor and scintillation detectors are proportional 
to the energy of the electron lowered by a threshold en-
ergy of the detector (usually 1-3 keV). These detectors 
are more sensitive to electrons with higher energies. 
The signal of SE3 generated in the pole-piece ( conver-
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Figure 5. BSE detectors for SEM (1: primary beam and 2: specimen in each drawing). (a) Small area semiconductor 
diodes, A and B; (b) large area annular semiconductor detector or multichannel electron multiplier (channel plate), 3: 
detector; (c) large area annular channel plate or semiconductor detector split into two halves, A and B (can be divided 
also into four quadrants), 3: detector; (d) wide angle scintillation detector, 3: scintillator (plastic or single-crystal), 4: 
light-guide (perspex or the same piece of scintillation plastic), ( e) detection of BSE by conversion to SE at the lens pole-
piece, 3: pole-piece, 4: ETD, 5: grid suppressing SE, full line: trajectory of BSE, dashed line: trajectory of SE; (f) de-
tection of BSE by conversion to SE at a plate covered with MgO, 3: plate, 4: grid passing or retarding converted elec-
trons, 5: grid passing or retarding SE from the specimen, 6: ETD (voltages without parentheses concern detection of 
BSE, those in parentheses detection of SE with SE3 suppressed); (g) large area scintillation detector at one side of the 
specimen, 3: scintillator, 4: light-guide; (h) ring scintillation detector, 3: scintillator, 4: light-guide; (i) sector-shaped 
ring scintillation detector, 3: scintillator, 4: light-guide; and (j) multifunction detector with up to four scintillation 
detectors (three shown: A, B and C) at medium positions. 
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energy due to the decrease of the SE yield (Drescher et 
al., 1970). The converter, using a plate covered with 
MgO, has a constant signal in a wide range of primary 
beam energies (1-20 keV). Channel plate multipliers are 
more sensitive to low energy electrons and are good 
detectors in low voltage SEM. 
Noise of different detectors was studied by Baumann 
and Reimer (1981) and Oatley (1981). The noise of an 
ETD increases a little with primary beam energy; the 
noise of an unbiased scintillator of large solid angle is 
very high at low energies and drops fast with increasing 
energy; the noise of the converter is nearly constant at 
different energies. 
Besides detectors at fixed positions, some investiga-
tors used movable ones which can be placed at any posi-
tion. Blaschke and Schur (1974) used a movable semi-
conductor detector, Reimer et al. (1978) used a movable 
scintillation detector, and Kikuchi and Takashima (1978) 
used a pair of large area semiconductor detectors on a 
pivoted arm. Integrated design of two detectors at dif-
ferent take-off angles is described by Autrata (1984). 
In the case of highly tilted specimens, a detector at 
low take-off angle is mainly used. This technique was 
pioneered by McMullan (1953) with electron multipliers. 
Wells (1970) obtained good resolution of BSE images 
with a scintillation detector and found that in such con-
figuration contrast originates in a shallow surface layer 
of the specimen. Even better results were obtained 
when only BSE with an energy close to the energy of 
primaries were collected (Wells, 1971). This low-loss 
technique needs BSE energy filter at the entrance of the 
detector. Wells et al. (1973) applied this technique to 
the microscope with a condenser-objective lens and with 
the detector placed below the lens, and Wells et al. 
(1990) placed the detector in the gap of the lens to make 
use of filtration properties of the lens. In the case of a 
detector at the higher position, the topographic contrast 
is reduced (Wells, 1978) and such a position can find 
use for detection of magnetic contrast. 
Usually detectors give a mixture of topographic and 
material contrast with increasing amount of topographic 
contrast when the take-off angle decreases. In order to 
separate topographic contrast, detection systems contain-
ing two or more detectors were built. The topographic 
contribution in the signal depends strongly on the posi-
tion of the detector, the material contribution much less. 
In the difference signal of two detectors, the material 
contribution is suppressed, and such a signal contains 
mainly topographic contrast. The detection systems 
were used for qualitative and quantitative assessment of 
the surface topography. They can be divided into two 
categories: symmetric and asymmetric ones (Fig. 6). 
Symmetric systems can be used for qualitative and quan-
titative work, asymmetric systems for qualitative work 
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Figure 6. Positions of electron detectors in detector 
systems. (a) Symmetrical arrangements, A and B: de-
tectors at medium positions (most often), A' and B': de-
tectors at high positions, A" and B": detectors at low 
positions; (b) Asymmetrical arrangements, A: side de-
tector, B: top detector. 1: primary beam, 2: specimen. 
only. In symmetric arrangements, one pair or two pairs 
of detectors can be placed at medium (most often), high 
or low take-off angles. One pair of detectors is sensitive 
to the surface topography only in one direction; two 
pairs are sensitive in two directions (along X and Y 
axes). The first such systems was that of Kimoto et al. 
(1965) (Fig. Sa). Also the split detectors of Griffiths et 
al. (1972) and Munden et al. (1973) (Fig. Sc) as well as 
the MFD of Kuypers and Lichtenegger (1980) (Fig. 5j) 
can be used for a separation of the topographic contrast. 
Other systems are shown in Figure 7 (left: symmetrical 
arrangements, right: asymmetrical). Two pairs of semi-
conductor detectors were used by Lebiedzik (1979) (Fig. 
7a) for quantitative surface reconstruction in X and Y 
directions. Volbert and Reimer (1980) used a pair of SE 
detectors (Fig. 7b); a converter plate was incorporated 
in this design, and it also allowed working with BSE. 
Reimer and Riepenhausen (1985) reported a system with 
a pair of pivoting SE detectors (Fig. 7c) which could be 
positioned in X and Y directions. Hejna and Reimer 
(1987) used a system with four scintillators at low take-
off angles and with an additional top detector (Fig. 7d). 
A pair of asymmetrically placed detectors, one for 
SE and the other for BSE was used by Crewe and Lin 
(1976) (Fig. 7e) for suppression of material contrast of 
biological specimens. The same approach with the SE 
and BSE-MFD detectors was applied by Volbert (1982) 
for other materials. Volbert (1982) and Reimer and 
Volbert (1982) showed that such a signal mixing tech-
nique cancels pseudo-topographic contrast of phase 
boundaries on flat specimens; this contrast appears when 
mixing techniques with BSE signals are used. Hejna et 
al. (1985) used an arrangement with a converter as one 
detector and semiconductors diodes as the second detec-
tor (Fig. 7f). A similar design with the ring detector 
instead of the converter was used by Buczkowski et al. 
















Figure 7. Detector systems used for obtaining topographic contrast. Left panel: symmetrical arrangements; right panel: 
asymmetrical arrangements. (a) Pairs of semiconductor or scintillation BSE detectors (Al-Bl and A2-B2) (two pairs 
as in Fig. 7a or one pair only); (b) two E-T detectors for SE (A and B) with the converter plate for suppression of SE3, 
the system can be used also for BSE in conversion mode; (c) a pair of pivoting SE detectors (A and B in one position 
and A'-B' after pivoting to second position) (an alteration of the system from Fig. 7b); (d) two pairs of low take-off 
scintillation detectors (Al-Bl and A2-B2) and top detector (C), all detectors for BSE; (e) E-T detector for SE (A) and 
top detector for BSE (B); (e) converter (ETD plus converter plate) as detector A and semiconductor diodes as detector 
B; (t) ring detector (A) and top detector (B); (g) sector-shaped ring detector (A) and top detector (B); and (h) shows 
a variation of arrangement in Figure 7g with a sector-shaped ring detector and a scintillation top detector. 1: primary 
beam, 2: specimen. 
(1988) (Fig. 7g). They showed that this arrangement re-
duces pseudo-topographic contrast in comparison to sym-
metric arrangements of BSE detectors. Figure 7h shows 
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a variation of this arrangement with a sector-shaped ring 
detector and a scintillation top detector. 
J. Hejna 
Methods of Testing Detectors and Detector Systems a) 
~7 
6 Knowledge of performances of different detectors 
and detector systems can help us in choosing an appro-
priate detector or detector system for particular appli-
cation. Characteristics of detectors and detector systems 
can be predicted theoretically or tested experimentally. 
Tilt contrast of a particular detector or a detector 
system can be calculated by integrating the formulas de-
scribing the distribution of emitted electrons in a solid 
angle of detection (Reimer et al., 1984) or by integrating 
experimental values of a signal distribution, dS/dO, 
measured with a small BSE detector (Reimer and 
Riepenhausen, 1985). Experimentally, it can be checked 
by recording the image of a ball, a specimen which con-
tains all tilt angles from 0° to 90° at all azimuths with 
respect to the detector. Blaschke and Schur (1974) re-
corded linescans across a ball at different detector take-
off angles, Lange et al. (1984) recorded iso-densities for 
several detectors and detector systems. 
Electron detectors do not collect all electrons emit-
ted from the specimen surface. SE are attracted by a 
positive potential of the detector and only part of the SE 
reaches the detector. The amount of collected electrons 
depends on the electric field distribution in the specimen 
chamber; that is a function of the geometry of the cham-
ber interior. The field distribution depends on the de-
sign of the SE detector and on the presence of other de-
tectors at the specimen, on the working distance, and on 
the tilt and the shape of the specimen. An influence of 
the first two factors on SE tilt contrast obtained with two 
different SE detectors, showed in Figure 8, is demon-
strated in Figure 9. The linescan recorded with the de-
tector from Figure 8a, without BSE detectors at the 
specimen, is typical for SE tilt contrast (Fig. 9a), but it 
changes when BSE detectors are placed at the specimen 
(Figs. 9b and 9c). SE tilt contrast obtained with the de-
tector from Figure 8b is influenced very little by BSE 
detectors (Figs. 9d and 9e). Generally, SE tilt contrast 
is not reproducible when any of the factors mentioned 
earlier are changed. BSE travel along straight lines, and 
that part which is emitted into a solid angle subtended by 
the detector is collected. However, electrons can be 
transferred into a signal with different efficiency depend-
ing on the place where they strike the detector. The dis-
tribution of the detection efficiency over a surface of the 
BSE detector can be checked with a primary beam re-
flected from an electrostatic mirror. Brunner (1983) 
used a charged teflon plate and a biased metal electrode 
for this purpose; Alvarez et al. (1984) used a charged 
glass ball, and Autrata and Hejna (1991) a biased metal 
ball. The scanned primary beam is reflected in.a mirror 
field and scans the interior of the microscope chamber 








Figure 8. SE detectors used for recording images in 
Figure 9. (a) Detector without entrance grid, placed far 
from the specimen, (b) detector with biased entrance 
grid, placed close to the specimen. 1: microscope lens; 
2: specimen; 3: top BSE detector (if present); 4: sector-
shaped ring BSE detector (if present); 5: scintillator; 6: 
light-guide; in Figure (a), 7: shielding tube around 
scintillator; in Figure (b), 7: outer tube; 8: entrance 
grid; 9: aperture. 
distribution of the signal strength over the detector 
surface. Semiconductor detectors have uniform detector 
efficiency. Scintillation detectors show usually non-
uniform efficiency because light-guides do not transport 
the light with equal efficiency from different places on 
the detector surface. Converters also show non-uniform 
efficiency because the SE detector collects more elec-
trons generated in its proximity. 
The response of the detector to material contrast can 
be studied experimentally by preparing a calibration 
curve (signal versus atomic number Z) for a given detec-
tor and experimental conditions (Ball and McCartney, 
1981). 
Topographic contrast of edges and small features 
can be studied theoretically and experimentally by com-
puting and recording linescans across them. The num-
ber of features of different shape is unlimited and tests 
are applied to some features of simple geometry: steps, 
bars, grooves, balls, etc. The edge effect was investi-
gated by Christenhuss and Reimer (1969) for SE and 
BSE. George and Robinson (1975) studied theoretically 
(with a simple Monte-Carlo technique) and experimental-
ly, the contrast of small cubes on the flat surface; 
George and Robinson (1977) computed signals of other 
features (double steps, ripples). Hasselbach and Rieke 
(1976) investigated emission of SE at edges with an 
emission microscope and found that SE can be generated 
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Figure 9. Images of a ball and linescans 
obtained with detectors from Figure 8. (a) i 
to (c) With detector from Figure 8a; (d) and 
(e) with the detector from Figure 8b. (a) 
Without BSE detectors at the specimen; (b) 
and (d) with top detector in place; (c) and 
(e) with top and sector-shaped ring detector 
in place (E0 = 20 keV). 
a) b) 
+ J I 
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Figure 10. Computed signals of the light intensity scattered from the ball (Reimer et al., 1984). (a) Ball illuminated 
from one side, (b) from the top, and (c) from the right half of the upper hemisphere. Arrows show direction of light 
beams and triangle indicates left edge of the ball. 
by BSE far from the primary beam. Linescans for dif-
ferent features (steps, bars, grooves), used as an align-
ment marks in electron lithography, were studied experi-
mentally and theoretically by many authors, e.g., 
Stephani (1979) with Monte-Carlo technique, Shiraki and 
Aizaki (1981) with very simple and Czyzewski and 
Kaczmarek (1985) with more complex analytical models. 
Reimer et al. (1986) recorded BSE signals from edges 
and steps at different detector take-off angles. Reimer 
and Stelter (1987) computed, by Monte-Carlo method, 
signals for surface steps. A dependence of a signal of 
small ripples on take-off angle of detection was investi-
gated experimentally by Hejna (1988). SE and BSE sig-
nals of multiple photoresist bars on a Cr-coated Si-wafer 
were studied by Endruschat et al. (1989). Desai and 
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Reimer (1990) and Czyzewski and Joy (1991) used 
Monte-Carlo techniques for calculating diffusion ma-
trices for electron scattering and applied them for fast 
calculation of linescans across steps for BSE and SE, 
respectively. Kotera et al. (1990) did detailed Monte 
Carlo calculations for SE profiles of bars. 
Material contrast of small features can also be 
computed theoretically or recorded experimentally for 
selected features. Robinson and George (1976) studied 
experimentally and theoretically material contrast of 
small cubes and slices of one material in another. 
DeNee (1978) investigated a signal of small spherical 
particles of a heavy element on a light element substrate. 
Rosenfield et al. (1983) studied theoretically and ex-
perimentally the contrast of gold bars on a Si substrate. 
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Figure 11. Recorded electron signals from 1 mm steel 
ball specimen. (a) SE signal of ETD, (b) BSE signal of 
ETD, (c) BSE signal of large area side detector, (d) BSE 
signal of top detector, (e) BSE signal of converter, (f) 
(BSE + SE) signal of converter, (g) BSE signal of ring 
detector, (h) BSE signal of sector-shaped ring detector, (i) 
sum of BSE signal of sector-shaped ring detector and SE 
signal of ETD. E0 = 20 ke V. 
Figure 12. Dependence of the signal of BSE scintillation 
detector on Au layer thickness (as a percentage of a signal 
from thick Au) for different ranges of take-off angles 'Ir. 
Specimen: Au layer on Si substrate. E
0 
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Detection of topographic contrast in the SEM 
Figure 13. Linescans across 1 mm hemisphere of polyvinyl alcohol covered with a 20 nm layer of gold. (a) to (c) Uni-
formly sputter-coated, and ( d) to (f) unidirectionally evaporated at an angle of 45 ° and additionally uniformly evaporated 
with carbon. (a) and (d) SE signals of ETD, (h) and (e) BSE signals of sector-shaped ring detector, and (c) and (f) 
BSE signals of top scintillation detector. E0 = 20 ke V. 
Radzimski and Russ (1989) studied sharpness of edges 
for layers buried in a matrix of another element for BSE 
of different energies. Aristov et al. (1991) developed an 
analytical model for the contrast of micro-inhomogenei-
ties buried at different depths under the surface. 
Performances of Detectors and Detector Systems 
The best perception of the tilt contrast occurs when 
it is similar in appearance to the contrast of objects 
illuminated by light, known from our surrounding world. 
Generally, this is not the case in SEM micrographs. 
Reimer et al. (1984) computed signals for a ball illumi-
nated with light and showed signals in the form of 
Y-modulated images (Fig. 10). The best perception of 
the tilt contrast occurs for diffuse illumination from one 
side (Fig. 10c) (the whole surface is imaged, the signal 
is a monotone function of tilt and directionality of the 
signal makes interpretation of the shape easier). Topo-
graphic contrast of a specimen of uniform composition 
differs from that of a specimen covered with a layer of 
other material, and both cases are discussed separately. 
Figure 11 shows experimentally recorded Y-modula-
tion images of the lower half of a uniform metal ball ob-
tained with some of the detectors discussed above. The 
secondary electron signal (Fig. 1 la) has no analogy in 
light illumination and this fact is a drawback of SE as 
used for topographic contrast. Good tilt contrast can be 
obtained with BSE signals of a converter and a sector-
153 
shaped ring BSE detector (Figs. 1 le and l lh), and it can 
be even better when we add some amount of the SE sig-
nal to the BSE signal (Figs. 1 lf and lli). In the case of 
a converter, this is realized by detection of SE and con-
verted BSE with the same detector, and, in the case of 
a sector-shaped ring detector it is realized by adding a 
signal of an SE detector electronically. Insulating speci-
mens need to be covered with thin conductive layers. 
Coating of a specimen of low atomic number with a lay-
er of a high Z material also increases the signal strength 
and improves the resolution (Ong, 1970). The BSE co-
efficient 'Y/ increases at first linearly with increasing layer 
thickness; next, the slope decreases and 'Y/ saturates at the 
layer thickness of about R/2 (Cosslett and Thomas, 
1965; Hohn et al., 1976; Niedrig, 1982). Similar de-
pendence on the layer thickness was also found for the 
signal of the wide-angle scintillation top detector (Rajora 
and Curzon, 1985). Measurements of BSE signals at 
various ranges of take-off angles '¥ (Figure 12) indicate 
that the dependence of the signal on layer thickness var-
ies with the take-off angle of the detector. Measure-
ments for Au layers on Si substrate were made with an 
annular top detector (ranges 40°-60° and 60°-80°) and 
with a ring detector (ranges 0°-20° and 20°-40°). The 
signal of the low take-off detector increases much faster 
than that of the high take-off detector when the layer 
thickness starts to increase from zero value. In a low 
resolution case, the thickness of the layer is 10-30 nm, 
and its uniformity depends on the method of coating. 
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Figure 15. Images with linescans of a ball (left) and 
iso-densities (right) for different asymmetrical detector 
systems. (a) and (b) Difference signal of SE detector 
and BSE top detector, and (c) and (d) difference signal 
of sector-shaped ring and top BSE detectors. E0 = 20 
keV. 
154 
Figure 14 (at left). Images with linescans of a ball 
(left) and iso-densities (right) for different symmetrical 
detector systems. (a) and (b) (SA-SB) signal of a pair of 
BSE detectors, (c) and (d) (SA-SB) signal of a pair of SE 
detectors, ( e) and (f) (S A-Sg)/Sc signal of a system from 
Figure 7d. E
0 
= 20 keV. 
Note: Figure 16 is on facing page 155. 
Figure 17. Cross-sections of a step and multiple bars 
etched in a Si wafer, used for the recording of linescans 
in Figures 18 and 19 (facing page). 
The layer thickness is highly non-uniform for unidirec-
tional evaporation and more uniform when the specimen 
is pivoted and rotated during evaporation and also for 
sputter coating. Figures 13a-13c show linescans across 
a hemisphere made of polyvinyl alcohol and sputter-
coated with 20 nm of gold. The tilt contrast of SE is 
similar to that of a uniform specimen, a top detector for 
BSE does not give contrast on a sphere, and only some 
shadowing effect can be seen outside the sphere, and a 
sector-shaped ring BSE detector gives a good tilt con-
trast. Figures 13d-13f show linescans across a hemi-
sphere unidirectionally evaporated with gold (at an angle 
of 45°) and, additionally, with a uniform layer of car-
bon. The linescans from SE detector and sector-shaped 
ring BSE detector are similar to those in Figures 13a 
and 13b; the linescan for the top BSE detector shows a 
thickness contrast, which can be used for imaging the 
topography. 
The detection systems used for the suppression of 
the material contribution in the topographic contrast dif-
fer in their sensitivity to the surface tilt. Figure 14 
shows images of a metal ball with linescans and iso-den-
sities for symmetrical systems. The signal in Figure 14a 
is proportional to the sine, that in Figure 14c to the 
tangent of a tilt angle, and that in Figure 14e directly to 
the tilt angle. Figure 15 shows images with linescans 
for asymmetrical systems. Signals of systems using SE 
are more sensitive to large tilt angles, and those using 
BSE have more uniform dependence of the signal on the 
tilt angle. 
Detection of topographic contrast in the SEM 
Figures 16, 18 and 19. Linescans: across an edge of a Si wafer (edge contrast), E
0 
= 20 keV (Figure 16); across 
a step (Figure 18), and across multiple bars (Figure 19) shown in Figure 17; E
0 
= 30 keV. (a) to (c) uncoated speci-
mens, and (d) to (f) gold coated specimens; (a) and (d) SE detector, (b) and (e) sector-shaped ring BSE detector, and 
(c) and (f) top BSE detector. 
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Figure 20. Images of specimens of uniform composition obtained with different detectors. Left panel: with SE detec-
tor, middle panel: with sector-shaped ring BSE detector, right panel: with top BSE detector. (a) to (c) Etched cobalt 
specimen, (d) to (f) fracture of sintered iron, (g) to (i) plasma etched gold layer, and (j) to (I) surface of magnetic 
floppy disc. E0 = 20 ke V. 
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Figure 21. Images of an iron grain obtained with dif-
ferent modes of a converter. (a) SE image, (b) BSE 
image, and (c) (BSE+SE) image. E0 = 20 keV. 
·------------------------------
Figure 16 shows an edge effect for three detectors: 
E-T detector for SE, sector-shaped ring and top detec-
tors for BSE. The specimen is a cleaved Si wafer, un-
coated (Figs. 16a-16c) and sputter coated with a 20 nm 
layer of gold (Figs. 16d-16t). The edge effect is very 
strong for SE (Figs. 16a and 16d). When the beam 
strikes a specimen close to an edge, there is a large 
amount of forward-scattered BSE which leave the side 
surface of the specimen and generate SE. The forward-
scattered BSE do not contribute to signals of both BSE 
detectors, but SE generated by them contribute to the 
signal of the ETD. As a result, there is a peak of the 
SE signal at the edge and low BSE signals. When the 
beam moves from the edge, the amount of forward-scat-
tered BSE decreases, and an increasing number of BSE 
is emitted from the side surface in a backward direction, 
mainly to low take-off angles [wide peak in the low 
take-offBSE signal (Figure 16b) and corresponding long 
tail in the SE signal (Figure 16a)]. When BSE cannot 
leave the side surface they all undergo full scattering 
processes and a larger number of them is scattered to 
high take-off angles (saturation of the signal in Figure 
16c). Gold coating of the specimen increases the scat-
tering in the surface layer and improves the edge sharp-
ness in BSE modes (Figs. 16e and 16t). In the SE mode 
(Figure 16d), we notice the absence of the peak from 
forward BSE, a larger tail caused by low take-off BSE 
and a small peak caused by high take-offBSE as a result 
of an increase of the layer thickness at an edge. To 
decrease an edge effect in the SE mode, Wells (1978) 
proposed special orientation of the specimen in respect 
to the detector; Wells and Bailey (1985) and Wells 
(1986) mounted a special control electrode between the 
specimen and the detector. Wells (1988) found that the 
edge effect is very low for the low-loss technique. 
A large number of linescans for different surface 
features were published in papers referred in the previ-
ous section and in many other papers. An example of 
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linescans for a step and a bar (drawn in Figure 17) are 
shown in Figures 18 and 19 for three detectors (the 
same as used for recording linescans in Figure 16). 
Linescans in Figures 18a-18c and 19a-19c are from un-
coated specimens and those in Figures 18d-18fand 19d-
19f from gold coated specimen. Gold coating modifies 
the SE signal only very little and improves the edge 
sharpness for high take-off BSE. Linescans were re-
corded at different locations on the wafer and only the 
shape of the signals but not their geometrical dimensions 
can be compared. 
Applications 
In this section, micrographs of different specimens 
imaged with different detectors are shown to demon-
strate how the choice of the detector influences the 
appearance of an image. 
Figure 20 shows images of uniform specimens ob-
tained with the ETD for SE (left panel), the sector-
shaped ring BSE detector (middle panel), and the top 
BSE detector (right panel) for BSE. The sector-shaped 
ring BSE detector gives a high level of tilt contrast and 
a good three-dimensional impression of the specimen 
shape (Figs. 20b and 20e). The SE image of a rough 
specimen (Fig. 20d) looks relatively flat with high con-
trast of the edges and small features. The image of the 
top detector (Fig. 20t) is not directional, and this fact 
can lead to a wrong interpretation of the specimen 
shape. Comparing the scattering contrast of small fea-
tures in Figs. 20g-20l, we see that it decreases in the 
BSE modes when features become small comparable 
with an electron range (Figs. 20k and 201 in comparison 
to Figs. 20h and 20i), and it is larger for the sector-
shaped ring detector than for the top detector. As was 
mentioned earlier, the sum of the BSE signal of the con-
verter or the sector-shaped ring detector and the SE sig-
nal gives good tilt contrast and good edge sharpness. 
This is demonstrated on images of an iron grain in Fig. 
21. The SE image shows a flat grain with very rough 
surface, the BSE image shows a good shape of the grain 
and the (BSE + SE) image shows good shape and good 
sharpness of surface features. 
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Figure 22. Images of gold coated specimens obtained with different detectors. Left panel: with SE detector, middle 
panel: with sector-shaped ring BSE detector, right panel: with top BSE detector. (a) to (c) plastic replica of etched 
cobalt specimen, (d) to (t) plastic replica of etched GaAs wafer, (g) to (i) synthetic diamond, and (j) to (l) magnetic 
tape. E0 = 20 keV. 
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Figure 23. Images of an Al-W alloy obtained with different two-detector systems. Left panel: topographic images ob-
tained with first detector, middle panel: images obtained with second detector, right panel (c, f, i, and I): topographic 
images obtained with difference signal of first and second detectors. (a) and (b) BSE images (obtained by conversion 
at lens pole-piece), (d) and (e) SE images, (g) and (h) SE image and BSE image of top detector, and (j) and (k) BSE 
images of sector-shaped ring and top detector. E0 = 20 keV. 
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In the case of gold coated specimens (Fig. 22), good 
tilt contrast is obtained with the sector-shaped ring BSE 
detector (Figs. 22b, 22e and 22h). For the high take-off 
BSE detector tilt contrast is low (Figs. 22c and f), and 
an edge contrast appears (Fig. 22i). Gold coating in-
creases scattering of electrons and improves scattering 
contrast of small features in BSE modes (Figs. 22k and 
221). 
Figure 23 shows images of the surface of an Al-W 
alloy obtained with signals of different electron detectors 
and topographic images obtained with mixed signals of 
different detector systems. The BSE (SA-SB) image of 
a symmetrical arrangement of two high take-off BSE de-
tectors (Fig. 23c) is the most diffuse in appearance. The 
detection of BSE was done by conversion to SE at the 
lens polepiece. The BSE (SA-SB) image of an asymmet-
rical arrangement of a low take-off and a high take-off 
detector is less diffuse (Fig. 231). The detectors were a 
sector-shaped ring detector and an annular top scintilla-
tion detector. The (SsE-k'"SBsE) image (Fig. 23i) shows 
good contrast of small features and thin dendritic struc-
tures on the surface, but edge contrast is very strong and 
three-dimensional impression of larger crystals is worse 
than in BSE images. In the SE (SA-SB) mode (Fig. 
23f), contrast of the majority of small surface features 
cancels, and the resulting image is very similar to BSE 
images. 
Signals of symmetrical systems can be used for 
quantitative reconstruction of surfaces. This problem 
was investigated, e.g., by Lebiedzik (1979), Niemietz et 
al. (1984) and Carlsen (1985). Surface reconstruction 
from a signal of one BSE detector was proposed by 
Frisova et al. (1991). 
Conclusions 
In low-resolution, low-magnification SEM images, 
topographic tilt contrast dominates. SE signal does not 
give a good, reproducible contrast. From a variety of 
BSE detectors, converter and sector-shaped ring detec-
tors give good topographic tilt contrast. Poor sharpness 
of edges in BSE images in comparison to SE images can 
be improved by adding some amount of a SE signal to 
a BSE signal. In the case of specimens coated with thin 
layers of heavy metals, the sector-shaped ring detector 
gives good tilt contrast and good edge sharpness. 
At medium resolution, diffusion contrast of features 
smaller than an interaction volume of primary electrons 
dominates. The SE signal gives sharp images with 
bright edges of features. BSE signals give more diffuse 
images, especially in the case of low-density materials, 
and contrast is higher for a low take-off detector. In the 
case of coated specimens, the SE detector and the sec-
tor-shaped ring BSE detector give sharp images with a 
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high contrast. 
In the case of specimens of non-uniform composi-
tion, detector systems are used for suppression of the 
material contribution in the signal. Detector systems 
containing BSE detectors give more reproducible tilt 
contrast with more uniform dependence of the signal on 
tilt angles than systems containing SE detectors. At 
medium resolution, the difference signal of the SE 
detector and the BSE detector gives good contrast of 
small topographic features. 
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Discussion with Reviewers 
K. Murata: As you showed, the sector-shaped ring de-
tector is useful for obtaining good tilt contrast. Could 
you comment on the physical reason why this detector 
gives better results? 
Author: Tilt contrast of a BSE detector depends mainly 
on the shape of the detector and on its position with re-
spect to the specimen and the primary beam. Good tilt 
contrast obtained with the sector-shaped ring detector on 
uncoated specimens is a result of an optimization of 
these factors. The detector also gives good contrast on 
coated specimens. In this case, the change of the signal 
is additionally influenced by the change of a layer thick-
ness, penetrated by primary electrons, with a tilt angle. 
As a result, the contrast is even better than for uncoated 
specimens and the signal rises to the tilt of 90°. 
K. Murata: Most of the scanning electron micrographs 
are shown at 20 and 30 keV. Did you obtain similar 
conclusions, concerning tilt contrast, at lower energies 
also? 
Author: Conclusions presented in the paper are valid 
for a primary beam energy higher than about 5 ke V. 
Below this energy, origins of tilt contrast change (mainly 
for SE). As the primary beam energy is lowered, SE 
yield becomes less dependent on the tilt angle, and tilt 
contrast obtained with SE becomes weaker. Tilt contrast 
of BSE detectors remains similar to that at higher ener-
gies and good tilt contrast can be obtained with the ring 
detector. Results for low-voltage SEM will be published 
in the near future in other papers [J. Hejna. Backscat-
tered electron imaging in low-voltage SEM. In: Proc. 
13th Int. Congr. Electr. Microsc., (Paris) Les Editions 
de Physique, Les Ulis, Vol. 1, 75-76); J. Hejna. Topo-
graphic and material contrast in low-voltage SEM. (In 
preparation)]. 
